M utations in the TP53 gene, encoding the p53 tumor suppressor, are arguably the most frequent type of gene-specific alterations in human cancer. This attests to the centrality of p53 as a major mainstay in the body's built-in anticancer defense mechanisms. Not surprisingly, this pivotal role of the wild-type p53 (wtp53) protein in tumor suppression has attracted many researchers to study it in detail, resulting in an avalanche of information and publications. One might expect that, similar to other tumor suppressor genes, the sole outcome of mutations in the TP53 gene will be loss of wtp53 function, characteristically manifested as total lack of p53 expression or production of unstable or truncated mutant proteins. Yet, quite strikingly, the vast majority of cancerassociated p53 mutations actually lead to production of full length protein, typically with only a single amino acid substitution, which tends to accumulate in the tumor cells and reach steady-state levels that greatly exceed those of wtp53 in noncancerous cells (Rotter 1983 ). This remarkable feature has suggested early on in p53 research that cancer-associated mutant p53 (mutp53) isoforms may be more than just relics of wtp53 inactivation, and may instead play distinctive roles in the tumor cells.
In principle, emergence of a p53 mutation within a cell might have three, not mutually exclusive, types of outcome (Michalovitz et al. 1991; Sigal and Rotter 2000; Weisz et al. 2007b) . First, such mutation is expected to abrogate the tumor suppressor function of the affected TP53 allele, reducing the overall capacity of the cell to mount a proper p53 response; if both alleles eventually become mutated, or if the remaining allele is lost, such cells will be totally deprived of anticancer protection by p53. Second, many common mutp53 isoforms can exert dominant-negative effects over coexpressed wtp53, largely by forming mixed tetramers that are incapable of DNA binding and transactivation. Hence, even if one wt allele is retained, the cell may be rendered practically devoid of wtp53 function through such mechanism, particularly if the mutant protein is expressed in excess over its wt counterpart. Third, and most relevant for this article, the emergent mutp53 protein might possess activities of its own, often not present in the original wtp53 protein, which can actively contribute to various aspects of tumor progression. Such activities, commonly described as mutp53 gain-of-function (GOF), are the subject of this article. Several recent reviews address in detail the various aspects of mutp53 GOF (Brosh and Rotter 2009; Donzelli et al. 2008; Lozano 2007; Olivier et al. 2009; Peart and Prives 2006; Petitjean et al. 2007; Strano et al. 2007; Weisz et al. 2007b ). Therefore, we focus here mainly on general principles as well as on some of the more recent findings.
DEFINITION OF mutp53 GOF
Even though the idea of mutp53 GOF is fairly simple, the exact definition of what constitutes a true GOF of mutp53 is not always straightforward. Technically, GOF is often monitored by overexpressing a particular mutp53 isoform and measuring its impact on the properties of the overexpressing cells, be it in culture or in mouse tumor models. As discussed previously, many p53 mutants have dominant -negative effects over wtp53. Hence, effects obtained by overexpression of mutp53 in cells that harbor endogenous wtp53 do not necessarily show the existence of a GOF. To rigorously prove GOF, one thus has to perform such experiments in cells that are otherwise p53-null, an approach that is now common practice in the field. A complementary approach to prove mutp53 GOF, which has become feasible by the advent of siRNA technology, relies on knocking down endogenous mutp53 in tumorderived cells that harbor naturally occurring p53 mutations and monitoring changes in cell phenotype.
In that regard, one also has to consider the demonstrated ability of many mutp53 isoforms to bind and inactivate the p53-related proteins p63 and p73. As discussed later, this is a pivotal mechanism for mutp53 GOF. If one wishes to be extrarigorous, it could be argued that this is not a true GOF, because the activities of p63 and p73 that are quenched by mutp53 are often quite akin to those of wtp53 itself, including the induction of common target genes. Yet, we do not adopt this extreme view, and adhere to the definition that GOF encompasses any activity of mutp53 exerted in the absence of coexpressed wtp53.
HISTORY OF mutp53 GOF RESEARCH
The concept of mutp53 GOF was formally introduced in 1993, when it was shown that mutp53 isoforms of both human and mouse origin, but not wtp53, can transform p53-null cells and endow them with an increased ability to form colonies in soft agar in vitro and tumors in mice (Dittmer et al. 1993 ). Yet, the truth of the matter is that mutp53 GOF was experimentally demonstrated already many years earlier, except that the results could not be properly interpreted at that time. This is yet another reflection of the unusual history of p53 research: The first p53 cDNA clones, isolated by several laboratories, all originated from tumor-derived or in-vitro-transformed cells (Levine and Oren 2009) . As is now common knowledge, such cells often tend to harbor p53 mutations. This was also the case for the cells employed to obtain the first p53 cDNA clones. Thus, the p53 expression vectors employed in the early biological experiments encoded various mutp53 isoforms rather than wtp53. Consequently, although researchers thought they were monitoring the effects of wtp53, they were actually studying those of mutp53. Not surprisingly, these experiments led to the erroneous conclusion that p53 was an oncogene, an issue resolved only years later, on proper examination of the biological activities of bona fide wtp53. These subsequent studies also clarified that the oncogenic effects observed earlier, which led to the misclassification of p53 as an oncogene, were unique to mutp53 but not wtp53.
Many of those early studies were based on transfection of p53 expression plasmids into nontransformed cells that express endogenous wtp53; hence, the observed effects of mutp53 might have been caused by a combination of dominant-negative action and GOF. Yet, in some of those studies, the target cells were indeed p53-null, and thus the effects of mutp53 overexpression are ascribable to true mutp53 GOF. In retrospect, the first experimental manifestation of mutp53 GOF was therefore in 1984, in a study in which p53-deficient Abelson murine leukemia-transformed cells were rendered highly tumorigenic in vivo by overexpression of a plasmid that actually encoded mutp53 (Wolf et al. 1984) . Nevertheless, the study of Dittmer and coworkers (Dittmer et al. 1993) , as well as reports on the ability of mutp53 to exert unique transcriptional effects (Chin et al. 1992; Deb et al. 1992; Matas et al. 2001) , ushered in officially the era of mutp53 GOF research.
BIOLOGICAL MANIFESTATIONS OF mutp53 GOF IN CULTURED CELLS
By and large, our current knowledge about mutp53 GOF draws heavily on experiments in which various mutp53 isoforms have been overexpressed in p53-null cells, although this is being increasingly bolstered in recent years by siRNA-mediated knockdown studies. Although forced overexpression represents an artificial situation and thus has to be viewed with great caution, it is probably more justified in the case of mutp53. After all, the hallmark of p53 alterations in cancer is the vast overproduction of mutp53 proteins, which is often exacerbated during tumor progression. In the following discussion, we discuss the main biological manifestations of mutp53 GOF.
Mutp53 and Genomic Instability
A major hallmark of cancer progression is a gradual increase in genome instability, manifested all the way from higher mutation rates to gross aberrations in chromosome number and structure. A link between mutp53 and increased genomic instability was clearly demonstrated by showing that human mutp53 can disrupt normal spindle checkpoint control, leading to accumulation of cells with polyploid genomes (Gualberto et al. 1998) . Additional studies revealed further manifestations of the enhancement of genomic instability by mutp53, as reflected by higher mutation rates in the T-cell receptor of cells exposed to Xirradiation (Iwamoto et al. 1996) , increased frequency of centrosome amplification and aberrant mitoses in mouse mammary epithelial cells (Murphy et al. 2000) , as well as increased gene amplification in Saos2 cells (El-Hizawi et al. 2002) . This link was extended to an in vivo context, revealing that expression of the mouse equivalents of human "hotspot" p53 mutants results in tumors that exhibit a high degree of genomic instability, manifested by aneuploidy associated with aberrant centrosome amplification as well as nonreciprocal chromosome translocations without evidence of telomere erosion (Caulin et al. 2007; Hingorani et al. 2005) .
As discussed later, many GOF effects of mutp53 rely on its ability to bind and inactivate the p53-related proteins p63 and p73. In that regard, it is noteworthy that in p53-deficient cells, p73 can replace p53 in maintaining genome stability by suppressing aneuploidy and polyploidy (Talos et al. 2007) . Abrogation of p73 function by excess mutp53 is thus likely to augment the accumulation of cells with polyploid genomes and aberrant chromosome numbers, thereby facilitating cancer progression. This might explain, at least partially, the early observations of Gualberto et al. (1998) . In addition, mup53 can interfere with DNA repair by attenuating base excision repair (Offer et al. 1999) .
The ability of mutp53 to disrupt mechanisms that maintain cellular genome integrity might provide an appealing explanation for its impact on tumor progression, particularly in advanced stages of the disease in which gross manifestations of genomic instability are very frequent.
Mutp53 and Antiapoptosis
One distinctive feature of many p53 GOF mutants is an ability to conferon cells an elevated resistance to a variety of proapoptotic signals. This effect of mutp53 was revealed already in 1995, by showing that mutp53 can suppress cMyc-induced apoptosis in leukemic cells (Lotem and Sachs 1995) . Because aberrantly elevated expression of cMyc is a frequent event in many types of cancer, this finding suggests that p53 mutations might enable tumor cells to benefit from the pro-proliferative effects of cMyc without paying the price tag of cMyc-induced apoptosis. Subsequent studies provided further insight into the antiapoptotic effects of mutp53. Thus, mutp53 could protect cells against apoptosis induced by growth factor deprivation (Peled et al. 1996) , suggesting a mechanism whereby p53 mutations confer a selective advantage on aspiring tumor cells within a competitive microenvironment.
Of particular interest, overexpression of various tumor-associated mutp53 isoforms can render cells markedly more resistant to killing by a variety of anticancer agents, whereas knockdown of endogenous mutp53 sensitizes cancer cells to killing by such agents. Thus, mouse cells expressing a murine mutp53 isoform showed increased resistance to g irradiation, doxorubicin, and cisplatin (Li et al. 1998) . A similar effect on resistance to etoposide and cisplatin was observed in human H1299 lung cancer cells overexpressing different types of tumor-associated human p53 mutants, notably p53R175H and p53R273H (Blandino et al. 1999 ). An antiapoptotic role of experimentally overexpressed mutp53 was also demonstrated by many additional studies (Matas et al. 2001; Murphy et al. 2000; Yap et al. 2004 ). The biological relevance of these findings was later confirmed by showing that siRNA-mediated knockdown of endogenous mutp53 in cancer-derived cell lines rendered them more vulnerable to apoptotic cell death induced by anticancer agents and other proapoptotic stimuli (Vikhanskaya et al. 2007; Weisz et al. 2007a; Weisz et al. 2004; Wong et al. 2007 ), a finding extended also to an in vivo setting (Bossi et al. 2006) . The antiapoptotic activities of mutp53 may thus not only accelerate tumor progression but also hinder the response of cancer patients to anticancer therapy. This does not necessarily imply that cancers with p53 mutations will be more refractory to therapy (see Olivier et al. 2010) . Conceivably, in tumors lacking p53 mutations, alternative mechanisms may exist that are equally potent in rendering the cells chemoresistant. Yet, in those tumors that do harbor p53 mutations, ablation of mutp53 GOF activity might facilitate their killing by chemotherapy.
Mutp53 and Cell Migration and Invasion
The impact of p53 mutations on tumorigenesis probably depends on many factors, including the stage in the process when p53 mutations and mutp53 accumulation occur. At least in some types of cancer, p53 mutations are rather late events, correlating with progression to aggressive, advanced disease (Vogelstein and Kinzler 1993) . Remarkably, as discussed later, increased tumor aggressiveness and higher metastatic potential are also hallmarks of mutp53 GOF in mouse models. These advanced stages in tumor progression are characterized by acquisition of an ability of the cancercells to invade adjacent tissue, migrate toward distant sites, and seed metastases. In cultured cells, these features can be addressed by monitoring cell migration (e.g., by "wound healing" assays in which some of the cells are scratched off the dish or in transwell assays in which cells are asked to migrate across a membrane) and cell invasion (e.g., through a layer of extracellular matrix). Indeed, recent work indicates that mutp53 can augment cell migration and invasion in such in vitro assays (Adorno et al. 2009; Wang et al. 2009 ). Although published information on this aspect of mutp53 GOF is still scanty, it is likely to rapidly become a focal area of mutp53 research, given its obvious relevance to the knowledge gained from clinical data and in vivo mouse tumor model analysis.
Induction of cell migration by mutp53 is highly cell-context-dependent, and additional signals such as oncogenic Ras in combination with TGF-b might be required to unleash this activity (Adorno et al. 2009 ). Indeed, gene expression profiling studies reveal that cancerassociated mutp53 isoforms cooperate synergistically with oncogenic Ras to induce a procancerous gene cluster consisting of chemokines, interleukins, and ECM-related molecules, which are majorcontributors to tumor progression and invasion (Buganim et al., unpubl. data) . This requirement for cooperating oncogenic signals may explain why other studies did not find a positive role for mutp53 GOF in promoting migration (Dong et al. 2007 ), or even found a negative role (Kalo et al. 2007 ). Furthermore, in cells that retain a wtp53 allele, the promigratory effect of mutp53 might be exerted through a combination of GOF and dominant-negative activities (Dong et al. 2007 ).
Mutp53 and the TGF-b Pathway
Transforming growth factor b (TGF-b) has a dual impact on cancer progression. In early stages of the process, it serves as a tumor suppressor, strongly inhibiting the proliferation of epithelial cells; however, at advanced stages of the disease, it can turn into a potent driver of tumor spread and metastasis, severely worsening patient prognosis (Derynck et al. 2001; Massague 2008) . Previous work has shown that the antiproliferative effect of TGF-b is facilitated by the presence of wtp53, testifying to the cooperation of these two pivotal signaling pathways in suppression of early stages of tumor progression (Cordenonsi et al. 2003) . More recent investigation of the cross talk between mutp53 and TGF-b has revealed an interesting and intriguing duality also here. On the one hand, mutp53 can repress the expression of TGF-b receptor type II, thereby attenuating TGF-b-mediated signaling (Kalo et al. 2007) . However, in a number of experimental models, mutp53 was actually found to augment the promigratory, proinvasive, and prometastatic properties of TGF-b both in vitro and in vivo (Adorno et al. 2009 ). These seemingly inconsistent findings are well in line with the very different facets of TGF-b in tumor progression. It thus is conceivable that if p53 mutations occur in epithelial cells relatively early, they will indeed accelerate cell proliferation and contribute to tumor progression by overriding the inhibitory actions of TGF-b as a tumor suppressor. In contrast, if p53 mutations occur late in the process, when cells are no more susceptible to the antiproliferative effects of TGF-b, augmentation of its proinvasive effects is likely to render the tumors more aggressive and worsen patient outcome. One still needs to explain, however, why mutp53 modulates TGF-b activity differently at different stages of tumor progression. A likely mechanistic explanation, although probably not the only one, is provided by the finding that the cooperation between mutp53 and TGF-b in augmenting cell migration and metastasis is strongly enhanced by the presence of oncogenic mutant Ras (Adorno et al. 2009 ). Because Ras mutations are often associated with tumor progression and conversion of TGF-b from a tumor suppressor into a prometastatic factor (reviewed in Derynck and Akhurst 2007) , it is tempting to speculate that they also serve as the switch that alters the biological outcome of the interactions between mutp53 and TGF-b.
Other Biological Effects of mutp53
It is most certain that mutp53 GOF may manifest itself in a variety of additional ways, probably depending on cell context. Not surprisingly, overexpressed mutp53 can augment cell proliferation, which is apparent both in culture and in mice (Deb et al. 2002; Duan et al. 2008; Haupt et al. 2009; Scian et al. 2004b) . As mutp53 research moves into new arenas, we might expect to find it involved in many additional activities that are typical of cancer cells such as energy metabolism, various biosynthetic pathways, inflammatory responses, and much more. Many of those activities are modulated by wtp53; it is reasonable to predict that, at least in many cases, mutp53 will exert an opposite effect.
ANIMAL MODELS FOR mutp53 GOF
Animal models are playing an increasingly central role in elucidating the biological manifestations
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Cite this article as Cold Spring Harb Perspect Biol 2010;2:a001107 of mutp53 GOF. As already mentioned, overexpression of mutp53 was shown long ago to contribute to tumorigenesis in mice (Wolf et al. 1984) . In later studies, several hotspot p53 mutants were found to enhance tumor formation in nude mice when overexpressed in p53-null mouse fibroblasts, human p53-null osteosarcoma cells, or T cell leukemia-derived cells (Dittmer et al. 1993; Hsiao et al. 1994; Lanyi et al. 1998; Taylor et al. 1992) , firmly establishing the generality of mutp53 GOF. Furthermore, transgenic mouse models driving tissue-specific mutp53 overexpression revealed a variety of manifestations of mutp53 GOF, such as cooperation with additional oncogenic events in accelerating tumor development and in rendering the tumors more invasive and aggressive (Duan et al. 2002; Duan et al. 2009; Heinlein et al. 2008) . Of particular interest, overexpressed mutp53 was found to augment experimental metastasis in mice (Pohl et al. 1988 ), a feature recapitulated in a transgenic mouse model (Heinlein et al. 2008) .
Although one could argue that the previous findings are caused by artificial overexpression of mutp53, their validity was shown by two additional, complementary approaches, namely knockdown of endogenous mutp53 in tumorderived cells and production of mutp53 knockin mice. Thus, using either stable or conditional shRNA-mediated knockdown of mutp53 in a number of human cancer cell lines implanted in nude mice, Bossi and coworkers showed that down-regulation of the endogenous mutp53 rendered those cells significantly less tumorigenic (Bossi et al. 2006; Bossi et al. 2008) . In agreement with the impact of mutp53 on the response to genotoxic anticancer drugs in vitro, such knockdown sensitized the tumors to chemotherapy in vivo (Bossi et al. 2006) . Remarkably, the tumors generated following mutp53 knockdown were less vascularized, suggesting a positive role of mutp53 in regulation of angiogenesis (Bossi et al. 2008) . Furthermore, whereas knockdown of endogenous mutp53 in MDA-MB-231 human breast cancer cells did not affect primary tumor growth, it strongly reduced metastasis to both lymph nodes and lung (Adorno et al. 2009 ).
The generation of mutp53 knockin mice, in which the endogenous wtp53 allele was replaced by mutant versions mimicking common human hotspot mutations, was perhaps the most significant advance in mutp53 research in recent years. These mice were modeled after the human Li-Fraumeni syndrome, in which germline p53 mutations confer a highly elevated susceptibility to succumb to early onset cancer (Malkin et al. 1990; Srivastava et al. 1990 ). The first two knockin studies, published in parallel in 2004, showed that when compared with p53 knockout animals, mice carrying mutp53 alleles tended to develop more aggressive, metastatic tumors, as well as a higher frequency of tumor types that are associated with p53 mutations in human cancer (Lang et al. 2004; Olive et al. 2004) . When assayed in a skin carcinogenesis model driven by oncogenic mutant K-Ras, such mice exhibited increased tumor formation, accelerated tumor progression, and elevated rates of metastasis relative to their p53-null counterparts (Caulin et al. 2007 ). Very similar effects of combining endogenous mutp53 with endogenous oncogenic K-Ras were found in a mouse model of pancreatic cancer, where this combination led to a very invasive, widely metastatic disease (Hingorani et al. 2005) . In both cases, the tumors displayed extensive genomic instability. By showing that animals expressing mutp53 proteins at physiological levels and under physiological regulation exhibit distinct cancer-associated features, these studies endowed mutp53 GOF research with the credibility that it had been somewhat lacking till then.
BIOCHEMICAL BASIS OF mutp53 GOF
The majority of tumor-associated p53 mutations, particularly those defined as mutational "hotspots," occur within the DNA binding domain (DBD) of p53 (see Olivier et al. 2010) . Broadly speaking, these mutations can be roughly divided into two structural subgroups: DNA contact mutants (exemplified by the hotspot mutant p53R273H), affecting residues directly involved in sequence-specific DNA contacts without altering the overall conformation of the p53 molecule, and conformational mutants (exemplified by hotspot mutant p53R175H), in which the mutation leads to partial or complete abrogation of the wt conformation of the DBD, exposing residues and interfaces that are normally buried within the DBD. The current thinking is that wtp53 might also adopt such "mutant" conformation on occasion, perhaps in response to particular proliferative signals, but cancer-associated mutations "fix" the protein in the altered conformational state and prevent it from engaging in sequence-specific interactions with DNA elements recognized by wtp53 (Joerger and Fersht 2007; Joerger and Fersht 2008) . Given the profound differences between the DNA contact mutants and conformational mutants, one might expect that they should operate through very distinct mechanisms and differ greatly in their impact. Indeed, quantitative differences between the effects of representative members of the two classes can easily be revealed in culture and in animal models (Dittmer et al. 1993; Halevy et al. 1991) , and may also have prognostic significance (see Olivier et al. 2010 ). Yet, despite the quantitative differences, the two classes of mutants exhibit many qualitative similarities in their biochemical mode of action.
The term "gain-of-function" seems to imply that mutp53 acts through mechanisms that are totally uncharted by wtp53. However, this is not necessarily the case. Rather, at least some of the biochemical activities of mutp53 might stem from its having lost sequence-specific DNA binding while retaining the functionality of other domains. For instance, cancer-associated mutp53 proteins typically retain an intact transactivation domain (TAD), which may still operate exactly as it does within the wtp53 protein, but can now be targeted to different sites on the chromatin. Furthermore, given the high concentration of mutp53 protein in tumor cells, relatively weak molecular interactions, which are marginal within the wtp53 protein, may now be amplified by mass action and reach a threshold that allows them to exert a measurable impact on biochemical processes within the cell.
When expressed at sufficiently high levels, tumor-associated mutp53 isoforms can exert profound effects on gene expression patterns, thereby promoting specific biological outcomes while disfavoring others. Attempts to identify mutp53-regulated genes, initially by educated guesses and later by expression microarray analysis, yielded an ever growing list of candidates, some of which have been validated and shown to have functional relevance to mutp53 GOF. Many of those genes are associated in various ways with cell proliferation, tumor progression, and cancer biology in general, in line with the biological effects of mutp53. Among the first genes found to be up-regulated by mutp53 were the multi drug resistance 1 gene (MDR1) (Chin et al. 1992) , PCNA (Deb et al. 1992) , EGFR (Ludes-Meyers et al. 1996) , IGF1R (Werner et al. 1996) , c-myc (Frazier et al. 1998) , and IGF2 (Lee et al. 2000) , as well as genes encoding several ribosomal proteins (Loging and Reisman 1999) . Subsequent studies revealed that mutp53 can up-regulate genes encoding many additional proproliferative or antiapoptotic proteins such as NFKB2, encoding the p52 subunit of NF-kB (Deb et al. 2002; can not only up-regulate specific genes but also repress the transcription of others, some examples being the proapoptotic CD95/Fas/Apo1 (Gurova et al. 2003; Zalcenstein et al. 2003) , ATF3 (Buganim et al. 2006 ), TGFR2 (Kalo et al. 2007 ), caspase-3 (Wong et al. 2007 ), inhibitor of differentiation 2 (Id2) (Yan et al. 2008) , and classical wtp53 target genes such p21, gadd45, PERP, and PTEN (Vikhanskaya et al. 2007) . The palette of genes that can be modulated by mutp53 is probably much larger. In particular, given that mutp53 can interact with a variety of transcription factors (see later), often in a signaldependent manner (e.g., Adorno et al. 2009; Di Agostino et al. 2006; Weisz et al. 2007a) , the subset of genes affected by mutp53 is likely to vary greatly among different cell types and cell contexts.
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Cite this article as Cold Spring Harb Perspect Biol 2010;2:a001107 Mechanistically, the transcriptional effects of mutp53 are largely mediated by either of two types of molecular interactions (Fig. 1) . On the one hand, mutp53 can physically interact with various isoforms of the p53-related proteins p63 and p73 and alter their transcriptional activity, typically resulting in negation of p63/p73 function. On the other hand, mutp53 can engage in protein-protein interactions with a growing number of transcription factors, often being recruited to binding sites of those factors on chromatin, and modulate their transcriptional output both positively and negatively.
The p63 and p73 genes each encode numerous isoforms, derived by a combination of multiple transcription start sites and alternative splicing; some of those isoforms, particularly those that retain a functional amino-terminal transactivation domain (TA isoforms), can mimic wtp53 to some extent and activate a subset of target genes shared with wtp53, owing to the high similarity between the DBDs of all three members of the p53 family. However, both p63 and p73 also possess additional, distinct activities, which are not shared with wtp53 and impinge on many important biological processes, most notably development and differentiation (see Beckerman and Prives 2010) . At least some cancer-associated mutp53 proteins can engage in direct protein-protein interactions with some, albeit not all, p73 and p63 isoforms, rendering them transcriptionally inactive (Gaiddon et al. 2001; Marin et al. 2000; Strano et al. 2002) . Consequently, genesthat are normally controlledby p63orp73ina givencellwillbecome deregulated. Depending onwhether p63/p73 regulate a particular gene positively or negatively, mutp53 overexpression will result in repression or induction of that gene, respectively. Various Mechanisms of transcriptional regulation by mutp53. Positive and negative effects on transcription are indicated by þ and 2, respectively. In (A), mutp53 binds to p63 and/or p73 protein isoforms, inhibiting their interaction with cognate binding sites on the DNA ( p63/p73BS) and blocking the activation of p63/p73 target genes. In (B), mutp53 engages in protein -protein interactions with transcription factor X (TFX) and is tethered to the binding site of TFX on DNA; through its TAD, mutp53 recruits transcriptional coactivators (CoAct) such as p300 (Di Agostino et al. 2006) , and augments transcription of TFX target genes. In (C ), mutp53 is proposed to be tethered to DNA through transcription factor Y (TFY), but instead of recruiting transcriptional coactivators it recruits corepressors, as has been shown for wt p53 (Murphy et al. 1999) ; what dictates whether mutp53 will recruit coactivators or corepressors is presently unknown, but in both (B) and (C), mutp53 will be found on chromatin at the appropriate TF binding sites. In (D), mutp53 is shown to associate with specific DNA elements, such as matrix attachment regions (MAR) (Gohler et al. 2005) ; it is proposed that this may block the recruitment of TFY to an adjacent binding site, resulting in transcriptional inhibition. Additional mechanisms most likely also exist.
lines of biological evidence indicate that inactivation of p63/p73 can be pivotal to mutp53 GOF, since ablation of p63/p73 often recapitulates the biological effects of mutp53 in an epistatic manner, whereas overexpression of some p63/p73 isoforms can negate the effects of mutp53 (Adorno et al. 2009; Flores et al. 2005; Irwin et al. 2003; Lang et al. 2004; Moll et al. 2001; Olive et al. 2004) . Remarkably, disruption of mutp53-p73 interactions by small peptides renders endogenous mutp53-expressing cancer cells more sensitive to killing by genotoxic anticancer drugs, whereas such peptides have no effect on cells expressing wtp53 or no p53 (Di Agostino et al. 2008) .
The interaction between mutp53 and p63/ p73 can be regulated by cell-intrinsic and extrinsic signals and by additional partner proteins, as illustrated by the formation of a ternary complex between mutp53, p63, and Smad proteins, which is induced by TGF-b and oncogenic Ras (Adorno et al. 2009 ). Conceivably, many other factors may modulate the association between mutp53 and p63/p73, determining the efficacy of this mechanism of mutp53 GOF.
Of note, inactivation of p63/p73 by mutp53 does not depend on the integrity of the p53 TAD (Adorno et al. 2009 ). This may explain why abrogation of the mitotic spindle checkpoint by mutp53, perhaps through inactivation of p73 (see previous discussion), does not require a functional TAD and can be effectively achieved by the triple mutant p53D281G,22,23 carrying two inactivating mutations in the TAD (Gualberto et al. 1998) . Similarly, the TAD is dispensable for the induction of invasion and metastasis by mutp53 (Adorno et al. 2009 ).
In contrast, the TAD is essential for the other, p63/p73-independent mechanism of transcriptional regulation by mutp53 GOF. In this mode of action, mutp53 can physically associate with a number of sequence-specific transcription factors. Often, this enables mutp53 to "piggyback" on such factors and be brought to chromatin regions that contain DNA binding sites for those factors. In the simplest scenario, mutp53 "donates" its potent, intact TAD to the partner factor, recruiting transcriptional coactivators that are normally involved in transcriptional activation by wtp53, and augmenting the expression of genes that are targeted directly by the partner factor (Fig. 1) . Examples of this sort include the interaction of mutp53 with NF-Y (Di Agostino et al. 2006) , NF-kB (Weisz et al. 2007a) , and the vitamin D3 receptor (VDR) (Stambolsky et al., unpubl. data) . Alternatively, in some cases, the binding of mutp53 to a particular transcription factor may actually interfere with its functions and lead to reversal of its transcriptional effects, as exemplified by another subset of VDR-regulated genes (Stambolsky et al., unpubl. data) . In yet another scenario, the binding of mutp53 to chromatin might displace a positively acting TF or recruit transcriptional corepressors to this site, in both cases leading to transrepression of adjacent genes.
Fragmentary evidence suggests that this p63/p73-independent molecular mechanism is widespread in mutp53 GOF activity. This includes studies in which biological and biochemical effects of mutp53 were found to depend on the integrity of the TAD, as well as studies showing recruitment of mutp53 to the promoters of genes whose expression it modulates, as measured by chromatin immunoprecipitation (ChIP) analysis. For instance, the antiapoptotic action of mutp53 in cancer cells is compromised by mutation of the TAD (Matas et al. 2001; Scian et al. 2005) , as is also the repression of the TGF-b2 receptor (Kalo et al. 2007 ) and the augmentation of VDR activity (Stambolsky et al., unpubl. data) by mutp53. Furthermore, mutp53 can be found on the promoters of the Egr1, NFKB2, TGFBR2, and Gro1 genes that it transactivates (Kalo et al. 2007; Weisz et al. 2007a; Weisz et al. 2004; Yan and Chen 2009 ) and of the Id2, CD95, and MSP genes that it represses (Yan et al. 2008; Zalcenstein et al. 2003; Zalcenstein et al. 2006) . Recent application of genome-wide ChIP approaches to map interactions between mutp53 and chromatin is likely to reveal many additional genes whose expression is modulated by mutp53 in a similar manner (Donzelli et al. 2008) .
Although direct transcriptional regulation by mutp53 and inactivation of p63/p73 are mechanistically distinct, it is conceivable that both mechanisms work together to exert many of the GOF effects of mutp53. One such example is the impact of mutp53 on cell migration and invasion. As discussed previously, this impact is partly caused by repression of p63-regulated genes. In addition, however, mutp53 binds and transactivates the Gro1 gene encoding CXCL1, a chemokine that plays important roles in promoting tumor cell migration, invasion and angiogenesis by both autocrine and paracrine mechanisms (Yan and Chen 2009) . Furthermore, mutp53 can promote migration by elevating the steady-state levels of the Slug protein, presumably by inhibiting p73-dependent Mdm2 gene expression, thereby blocking Mdm2-mediated Slug degradation (Wang et al. 2009 ). Quite certainly, future studies will identify additional modulators of these metastasis-related activities whose expression is regulated by mutp53.
Additional protein -protein interactions most certainly also play a role in mutp53 GOF. Recently, such mechanism has been implicated in the promotion of genomic instability by mutp53. Thus, it was found that mup53 can disrupt ATM-mediated cellular responses to double-stranded DNA breaks . This is caused by a physical interaction between mutp53 and the nuclease Mre11, a component of the Mre11-Rad50-NBS1 (MRN) complex, preventing its binding to double-stranded DNA breaks. As binding of the MRN complex to such DNA breaks is required for optimal ATM activation, the presence of mutp53 blunts this activation and enables persistence of unrepaired DNA damage. Another case in point is the interaction between p53 and topoisomerase I (Topo I). Both wtp53 and various cancer-associated mutp53 isoforms can bind Topo I and enhance its activity (Albor et al. 1998) . However, given the elevated concentrations of mutp53 in cancer cells and the defective DNA damage checkpoints in cells lacking wtp53, as well as the deregulated nature of the interaction between mutp53 and Topo I (Restle et al. 2008) , it is conceivable that in the case of mutp53, this interaction might lead to an increase in aberrant homologous DNA recombination events and mutagenic DNA rearrangements, spawning an additional type of genomic instability.
Another interesting protein -protein interaction of mutp53 was recently identified (Haupt et al. 2009 ). The promyelocytic leukemia (PML) protein is long known to possess tumor suppressor functions. Yet, when it binds to mutp53, it can augment the latter's transcriptional activity, thereby enhancing the ability of mutp53 to stimulate cell proliferation and colony formation. One implication of this finding is that although PML is a tumor suppressor in cells with functional wtp53, in which it interacts with wtp53 and contributes to its activation in response to genotoxic stress, it can be converted into a cancer-promoting protein on binding to mutp53. It is very likely that many additional proteins that normally bind p53 and facilitate its activation will operate similarly on mutp53, except that the biological outcome and impact on tumor progression will be totally opposite.
STABILIZATION OF MUTANT p53 IN CANCER CELLS-A KEY TO GOF?
Efficient GOF action by mutp53 requires elevated levels of mutp53 protein in the affected cell. Although transcriptional and translational mechanisms are likely to contribute to such elevation, its main driving mechanism is believed to be the increased protein stability of mutp53. Thus, whereas wtp53 is generally observed to be short lived, owing to its efficient degradation by the ubiquitin -proteasome pathway, mutp53 is often found to be rather stable. Initially, this was suspected to be a salient feature of mutp53, directly caused by the impact of the mutations on the biochemical properties of the mutant protein. However, subsequent work revealed that mutp53 is not intrinsically stable; rather, changes that occur within tumor cells result in its stabilization. Thus, in primary cells derived from human Li-Fraumeni syndrome patients, who carry germline p53 mutations, the levels of mutp53 are rather low and comparable to those of wtp53 (Yin et al. 1992) . Similarly, mutp53 protein levels are low in mutp53 knockin mice, but increase substantially in a fraction of tumors that emerge in such mice (Lang et al. 2004; Terzian et al. 2008) . Indeed, early experiments already indicated that a mouse mutp53 is degraded faster in nontransformed fibroblasts than in transformed ones (Halevy et al. 1989 ).
So how is mutp53 converted from an unstable to a very stable protein? The degradation of wtp53 is achieved through a multitude of mechanisms, involving several E3 ubiquitin ligases that target p53 for polyubiquitylation and consequent proteasomal degradation, as well as ubiquitin-independent degradation in the proteasome. Of those, the best studied and probably the most important driver of p53 degradation is Mdm2, an E3 ligase that promotes p53 ubiquitylation as well as postubiquitylation steps in p53 degradation, and also represses p53 mRNA translation. Escape from Mdm2-mediated degradation is therefore an appealing mechanism for mutp53 stabilization. However, mutp53 is still susceptible to Mdm2-mediated degradation (Haupt et al. 1997; Lukashchuk and Vousden 2007) , arguing that the mutations per se do not render p53 immune to the action of Mdm2. Instead, other mechanisms must be at work to enable p53 stabilization in tumor cells.
The simplest explanation for mutp53 stabilization draws on the fact that cancer-associated mutp53 isoforms lack the ability to transactivate wtp53 target genes. The Mdm2 gene is a classical positive transcriptional target of wtp53, and this drives a negative feedback loop that helps maintain wtp53 levels very low in unstressed cells. However, mutp53 fails to transactivate the Mdm2 gene. Hence, Mdm2 protein levels are likely to be rather low in cells that express only mutp53. Indeed, ablation of endogenous Mdm2 in mutp53 knockin mice leads to a substantial increase in endogenous mutp53 levels (Terzian et al. 2008) . Importantly, this results in an earlier age of tumor onset and a GOF metastatic phenotype.
Yet, reduced levels of Mdm2 in mutp53-expressing cells are most probably not the sole mechanism that can enable mutp53 stabilization. This is revealed even in the previous knockin model, in which a similar degree of p53 protein accumulation could be achieved also by ablation of the p16INK4a tumor suppressor locus (Terzian et al. 2008) . A clue to the nature of the additional mutp53-stabilizing mechanism may be provided by the fact that, in primary cells derived from mutp53 knockin mice, the intrinsically unstable mutp53 can be stabilized by genotoxic stress, very much like wtp53 (Lang et al. 2004) . Because many tumor cells experience chronic DNA damage, it is conceivable that the resultant signaling events, normally aimed at stabilizing and activating the endogenous wtp53, do the same also to the resident mutp53, except that rather than curbing cancer, this now results in cancer promotion. As one interesting example of the difference between cells containing wtp53 and mutp53, Li and coworkers reported that PTEN, a potent tumor suppressor whose inactivation in cancer is almost as frequent as that of p53, might actually exert tumor-promoting properties when assayed on the background of p53 GOF mutations (Li et al. 2008 ). This was found to be caused by the ability of PTEN to enhance mutp53 protein levels via inhibition of its degradation by Mdm2 and possibly also via direct protein binding. Further work is likely to reveal additional mechanisms that lead to mutp53 stabilization in cancer cells, thereby fueling its GOF effects.
CONCLUDING REMARKS
As is apparent from this article, the accrual of p53 mutations equips emerging tumor cells with much more than just the loss of wtp53 tumor suppressor function. This poses mutp53 as a valid target for inactivation by prospective anticancer therapies. Ideally, molecules that cause mutp53 to regain wtp53 activity bear the most promise, as they are expected to exert a dual effect: reinstate wtp53 tumor suppressor function, and rid the cell of mutp53 GOF. A number of such molecules have already been identified and described, and shown to exert antitumor effects in experimental mouse models (Bykov et al. 2002; Bykov et al. 2005; Foster et al. 1999; Lambert et al. 2009 ). Yet, approaches
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Cite this article as Cold Spring Harb Perspect Biol 2010;2:a001107 that are more directly aimed toward elimination of mutp53, such as therapeutic administration of p53 siRNA to cancer patients whose tumors exhibit high mutp53 expression, are also worthy of consideration. Moreover, one may attempt to target proteins whose expression is markedly up-regulated by mutp53, particularly in cases in which such proteins are "druggable" targets, such as transmembrane or secreted proteins or enzymes whose catalytic activity is susceptible to inhibition by small molecular weight compounds. The future will tell to which extent the knowledge on mutp53 GOF, as well as the tools developed through this knowledge, can eventually benefit cancer patients. 
